Introduction
============

Gout is a painful inflammatory arthritis, which exhibits an increasing prevalence worldwide, thereby representing a public health issue [@B1]. While systemic hyperuricemia leading to the accumulation of Monosodium Urate (MSU) crystals is a well-established etiological cause of the disease, the precise understanding of the molecular and cellular mechanisms driving joint inflammation is no yet achieved. Genome-wide association studies (GWAS) performed in Japanese patients and controls evidenced variants in genes encoding proteins involved in urate transport and metabolism [@B2], and the prominent role of urate transporters was confirmed in various populations [@B3]. More recently, a GWAS realized on Taiwanese patients revealed 36 loci associated with gout, among which rs2231142 in the *ABCG2* gene exhibited the strongest linkage [@B4]. Of note, *ABCG2* knockdown in endothelial cells induces increased secretion of the neutrophil chemoattractant IL-8, which might provide some mechanistic insights into gout pathophysiology. Surprisingly, none of these pan-genomic studies - some of which were performed in considerably large cohorts (e.g. 70,000 patients [@B5]) - revealed any linkage with genes encoding components of the NLRP3 inflammasome. Gain-of-function mutations in *NLRP3* are responsible for cryopyrin-associated autoinflammatory syndrome (CAPS) characterized by systemic inflammation (fever and urticaria-like rash) not evocative of gout, although arthralgia and periarticular swelling can occur [@B6]. This appears in sharp contrast with the standard model which stipulates that MSU crystals trigger activation of the NLRP3 inflammasome, ultimately leading to IL-1β secretion [@B7]. Indeed, a large body of evidence indicates that *Nlrp3* deficiency prevents IL-1β secretion by murine macrophages following MSU crystals stimulation [@B8]. Human mononuclear cells also respond to MSU crystals which, in synergy with lipopolysaccharide (LPS), enhance IL-1β production [@B9]. However, these experiments require the presence of LPS as a "priming signal" necessary for optimal IL-1β release, a component which is likely absent in gout patients. Recently, neutrophils, which are abundant in the inflamed synovial fluids of acute gout patients, also appeared as major players in gouty arthritis [@B10]. Moreover, these cells are also involved during the resolutive phase through NETosis [@B11]. In the present work, we sought to gain additional insights into cellular and molecular interactions driving gouty arthritis and for this, we performed subcutaneous (s.c) injections of MSU crystals in the hind paws of mice, a model that accurately mimics the human disease, both clinically as well as pharmacologically. In this setting, we observed that both the NLRP3 and AIM2 inflammasomes are, at best, only partially required for the full development of the disease *in vivo*. This likely indicates that multiple pathways may act redundantly to promote the release of bioactive IL-1β, and highlights the necessity to target *Il-1β* gene expression for efficient therapeutic purposes.

Materials and Methods
=====================

Reagents
--------

MSU crystals were generated as described [@B12]. Briefly, we dissolved 1,68g of uric acid (Sigma-Aldrich) into 500mL of water containing 0,01M of NaOH by heating at 70°C, pH was adjusted to 7,1-7,2. Then, the uric acid solution was left at room temperature until the crystals formed under mild agitation. Crystals were then washed in ethanol, dried, weighted and thermally treated (250°C for an hour) and finally sonicated to obtain crystals \<50µm in length. They were aliquoted in sterile PBS and frozen at -20°C until use. Poly-(dA:dT) and Lipofectamine 3000 were purchased from Invivogen and Invitrogen, respectively; LPS (*Salmonella abortus equi*), ATP and Colchicine from Sigma-Aldrich; ELISA kits (IL-1β, IL-6, TNFα, MPO) from Biotechne. Thioglycolate was home-made from brewer\'s thioglycolate (BD). The various antibodies used for Western blot were from Biotechne (anti-mouse IL-1β, AF401, and secondary HAF-109) or from Abcam (anti-tubulin) and Sigma-Aldrich (anti-vinculin). Anti-Gr1, Anti-CD11b, anti-CD14 and 7-AAD were obtained from eBioscience. CRT0066101 was provided from the lab of Romeo Ricci and is available from Tocris Bioscience; Anakinra was generously provided by Ommar S. Omarjee and Alexandre Belot (Lyon University, France) and Etanercept by Christian Von Frenckel (Liege University, Belgium).

Acute uratic inflammation model
-------------------------------

In this model, 3mg of preformed MSU crystals (described above) resuspended in 70µL of sterile PBS were injected by the subcutaneous route in the left hind paws of animals; the right paw was injected with PBS as control. Hind paw thickness was measured with a caliper and arthritis visual scores were established on the basis of tarsal/ankle oedema and erythema presence (0 = no arthritis, 1 = slight swelling and/or erythema, 2 = moderate swelling/erythema, 3 = severe oedema/erythema and 4 = excessive oedema spanning all over the paw). Visual scores were made by two independent experimenters. Mice were also monitored for body temperature.

Study approval
--------------

Handling of mice and experimental procedures were conducted in accordance with the French law for the protection of laboratory animals. The procedures were approved by the "service vétérinaire de la Préfecture du Bas-Rhin" (Strasbourg, France) and by the Regional ethical committee for animal experimentation (CREMEAS) of the Strasbourg University, under the authorization number 2018083014133041.

Mice
----

*Nlrp3^-/-^* and *Casp1/11^-/-^* mice were provided by Romeo Ricci (Institut de Génétique et de Biologie Moléculaire (IGBMC), Illkirch, France), *Aim2^-/-^* mice were obtained from Veit Hornung (Ludwig-Maximilians-Universität München, Germany) and *Ifnar1^-/-^* from Rolf Zinkernagel (University Hospital, Zurich, Switzerland); we generated the double knock out mice (*Aim2^-/-^*; *Nlrp3^-/-^*) in our animal facility. *Il-1α* KO, *Il-1β* KO, *Il-1R1* KO and *MyD88* KO mice were provided by Bernhard Ryffel (UMR7355 CNRS - Université d\'Orléans, France). Littermate controls are indicated by +/+ in all figures. All the mice used in these experiments were maintained under pathogen-free conditions in the animal facility of our laboratory (Institut d\'Hématologie et d\'Immunologie, Strasbourg, France) and were sex- and age-matched (12-16 weeks).

Topical application of imiquimod
--------------------------------

Mice were anesthetized by intramuscular injection of Ketamine/Xylazine. The imiquimod-containing cream (ALDARA) or vehicle control cream were applied on the hind paws from the ankle to the tip of digits with a pen embedded into a latex glove. 250mg of ALDARA containing 5% imiquimod were sufficient to treat 10-12 paws, corresponding approximately to 1-1,25mg of imiquimod/paw [@B13]. The composition of the control cream is the following : Purified water: 52.9%; paraffin: 30%; benzylic alcool: 0.1%; glycerol: 1%; stearic acid: 3%; polysorbate: 7%; xanthan: 2%; stearate sorbitan: 4%.

MSU-induced peritonitis model
-----------------------------

One milligram of preformed MSU crystals was injected intraperitoneally at h0 and a peritoneal lavage was conducted 6h later, under anesthesia, with cold PBS. Peritoneal fluid was subsequently analyzed by flow cytometry and ELISA. Briefly, the liquid was filtered through a 40µm porosity strainer, centrifuged at 300g 5min at 4°C and cells were stained with anti-Gr1-FITC, anti-CD11b-APC and anti-CD14-PE antibodies to count the neutrophil and monocyte populations. Absolute numbers were also determined in peritoneal collections by multiplying the percentages of neutrophils/monocytes to the absolute numbers of cells in the lavage. Flow cytometry acquisitions were realized with the BD Accuri C6 cytometer (BD), data were analyzed with the BD Accuri Software.

Magnetic resonance imagery (MRI)
--------------------------------

To detect and localize inflammation in paws, anatomical MRI was acquired in eight *ex vivo* mice. The day before MRI exam, 3mg of MSU and PBS were injected subcutaneously in the left and right paws respectively. ALDARA cream was applied on paws in four mice; control cream was applied on the other four. Mice were sacrificed under isoflurane anesthesia just before the MRI. MRI was performed on 7/30 Biospec system (Bruker Biospin, Ettlingen, Germany). Transmission was achieved with a quadrature volume resonator (inner diameter of 86 mm), and a surface coil (\~ 10 mm), installed on paw, was used for signal reception (Bruker BioSpin, Ettlingen, Germany). MRI experiments were realized with ParaVision 6.0.1 software. T2WI anatomical dataset was acquired using RARE-3D sequence using following parameters: FOV: 15 x 15 x 8 mm3, matrix 150 x 150 x 80, TE eff = 26.7 ms, TR = 2 s, N avg = 1, RARE-Factor = 14.

MRI Data analysis and 3D reconstruction
---------------------------------------

The signal bias of T2WI induced by the surface coil used was corrected with N4 bias correction (Advanced Normalization Tools, ANTs). Paws were automatically co-registered based on the bones to one of the control mouse using FLIRT (FMRIB Software Library, Oxford, UK). The inflammatory areas were automatically segmented using FAST (FMRIB Software Library, Oxford, UK). Volumetric images were obtained with the help of the 3D viewer module of Image J, 3D reconstruction was made using the 3D Slicer software.

Protein preparation from paws
-----------------------------

In order to quantify the cytokine production *in situ*, hind paws were collected from euthanized mice and stored at -80°C. Paws were first minced with a scalpel in a Petri dish placed on dry ice. Small tissue pieces were maintained on ice and 1mL of NP40 lysis buffer was added before homogenization with a tissue tearer (OMNI International Tissue MASTER 125). Tubes were then kept on ice for 45min and centrifuged at 12 000g 20min at 4°C; afterwards, the supernatants were collected in individual Eppendorf protein-low bind 1,5mL tubes (Eppendorf) and stored at -80°C. Cytokine measurements were performed by ELISA and Western Blot.

RNA preparation from paws
-------------------------

RNAs were prepared similarly to proteins (collection of paws, slicing) but tissues were homogenized in 2mL of Trizol (TRI-Reagent, Sigma-Aldrich) instead of NP40 lysis buffer. Homogenates were transferred in a nuclease-free 1,5mL Eppendorf tube and RNA was purified as previously described [@B13].Total RNAs were quantified using a Nanodrop device and then treated with DNAse I (Roche) according to the manufacturer\'s instructions.

RNA-seq
-------

Total RNA integrity was determined with the Agilent total RNA Pico Kit on a 2100 Bioanalyzer instrument (Agilent Technologies, Paolo Alto, USA). Library construction was performed with the \"SMARTer® Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian\" (TaKaRa Bio USA, Inc., Mountain View, CA, USA) with a final multiplexing of 11 libraries according to the manufacturer\'s instructions. The library pool was denatured according to the Illumina protocol \"Denature and Dilute Libraries Guide\" and then deposited at a final concentration of 1.3 pM to be sequenced on the NextSeq 500 (Illumina Inc., San Diego, CA, USA).

Analysis of RNA-seq data
------------------------

The transcriptome data set, composed of sequencing reads, was generated by an Illumina NextSeq instrument. The objective was to identify genes that are differentially expressed between two experimental conditions, namely treatment and control. For every sample, quality control was carried out and assessed with the NGS Core Tools FastQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). Sequence reads are mapped using STAR [@B14] and unmapped reads are remapped with Bowtie2 [@B15] using with the very sensitive local option. The total reads mapped were finally available in BAM (Binary Alignment Map) format for raw read counts extraction. Read counts were found by the htseq-count tool of the Python package HTSeq [@B16] with default parameters to generate an abundant matrix. At last, differential analyses were performed by the DESEQ2 [@B17] package of the Bioconductor framework. Up-regulated and down-regulated genes were selected based on the adjusted p-value and the fold-change information. Gene expression was analyzed using dedicated R scripts to build volcano plots and graphs of Gene Ontology (GO) terms enrichment. Heatmaps were built using the online application heatmapper (<http://www.heatmapper.ca/>). IPA (Ingenuity pathway analysis, Qiagen) was used for pathway analysis. Predictions of immune cell population from RNAseq data were made with the ImmQuant deconvolution software [@B18].

Real-time quantitative PCR (RT-qPCR)
------------------------------------

Total RNA was reverse transcribed using the cDNA synthesis kit (iScript ready-to-use cDNA supermix, Biorad). Real-time quantitative RT-qPCR was performed in a total volume of 20µL using the Sso-advanced universal SYBR-Green supermix (Biorad) and gene-specific primers (sequence available upon request). After a denaturing step at 95°C for 30 seconds, 40 cycles were performed (95°C for 5s and 60°C for 20s) using a Rotor-Gene 6000 real-time PCR machine (Corbett Life Science). Results were obtained using the SDS Software (Perkin Elmer) and evaluated using Excel (Microsoft). Melting-curve analysis was performed to assess the specificity of PCR products. Relative expression was calculated using the comparative threshold cycle (Ct) method, normalized on a control group.

Western blot
------------

IL-1β-maturation quantification was performed by western blot from ground paw samples (see previous sections). Briefly, total proteins were quantified in paw extracts using the Bicinchoninic acid technique (BCA) and 75-100µg of proteins were loaded on 12% polyacrylamide gels (Biorad). The migration step was followed by a liquid transfer on PVDF membranes (100V 40min) and a blocking step for 1h with TBS-Tween 1% milk 5%. Membranes were then probed with AF-401 (IL-1β), anti-vinculine (V9131, Sigma-Aldrich) or anti-tubulin (DM1A, Abcam) antibodies at 4°C overnight. HAF-109 and goat anti-mouse antibodies were subsequently used as secondary antibodies (1h, RT). Revelation was conducted with the Femto super-signal kit. Three washes were realized between each stage.

Cell culture
------------

Peritoneal macrophages were collected from peritoneal exudates 72h after the injection of 2mL of Thioglycolate 4%. Cells were washed, counted and plated at a density of 5x10^5^ cells/well (24 well-plates) in RPMI 1640 (Gibco) 10% FBS (Dutcher); the medium was changed for a fresh one 3h later.

Peritoneal neutrophils were harvested after a short course of thioglycolate (18h) and purified using Ficoll Plaque leading to a purity greater than 90%. Neutrophils were plated immediately at a density of 1x10^6^ cells/well in RPMI 1640 10% FCS. Cell stimulations were performed *in vitro*.

Inflammasome activation
-----------------------

In order to stimulate the production of pro-IL-1β, cells were pre-treated with LPS 1µg/mL for 3h and the NLRP3 inflammasome was then activated with 2mM ATP for 1h or with MSU crystals (250µg/mL) for 6h. The AIM2 inflammasome was activated by the transfection of 0.5µg of poly-dA:dT using the Lipofectamine 3000 kit, the medium was collected 8h after transfection. After each activation, the supernatants were collected, centrifuged at 2000g 5min 4°C to get rid of the cell debris and the supernatants were harvested in new tubes, all samples were kept a -80°C.

Inhibitors
----------

The CRT0066101 inhibitor (available from Tocris bioscience) was used *in vitro* at a dose of 10µM and introduced in the culture medium 1h prior to LPS priming and kept at this concentration all along the activation. 0.1 % DMSO was used as control.

Statistics
----------

Following normality tests (Kolmogorov-Smirnov and Shapiro-Wilk), data were analyzed with a Mann-Whitney test (two-tailed unpaired) to compare two independent groups using GraphPad 5.01 software. A probability (p) value of \< 0.05 was considered significant. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Results
=======

Subcutaneous injection of MSU crystals in mice recapitulates human gouty arthritis
----------------------------------------------------------------------------------

To investigate molecular and cellular relationships that participate in gouty arthritis, we used a mouse model in which MSU crystals are injected subcutaneously (s.c) on the dorsal face of hind paws [@B11], [@B19]. As seen in [Supplementary Fig. 1](#SM0){ref-type="supplementary-material"} A-B, mice subjected to this protocol develop an oedema, which can reach the ankle area within 24h (acute phase). However, the inflammation gradually decreases after seven days (168h) and MSU crystals can be visible under the skin as tophi-like structures. Magnetic resonance imaging (MRI, panel C) of MSU-injected paws revealed tenosynovitis, subcutaneous oedema and crystal deposits which were absent in PBS-injected contralateral paws. These manifestations correlated with peak production of mature (17 kDa) IL-1β at 24h post MSU crystal injection (p.i) (Panel D). Of note, paw thickness, as well as inflammatory score (which depends on both redness and swelling) were significantly reduced when mice were treated with colchicine, the standard of care for human gout ([Supplementary Fig. 2](#SM0){ref-type="supplementary-material"}A-D). Increased body temperature, reflecting the systemic effects of MSU injection, was also impacted by colchicine therapy. Furthermore, this model was responsive to the IL-1 receptor antagonist Anakinra ([Supplementary Fig. 2](#SM0){ref-type="supplementary-material"}E-F), at least during the initial phase of the disease (which probably reflects its limited half-life [@B20]), but not to the TNF-α blocker Etanercept ([Supplementary Fig. 2](#SM0){ref-type="supplementary-material"}G-H). Because of this partial receptor-mediated IL-1β inhibition, we performed MSU-induced acute inflammation in *Il-1β* KO animals and observed a major reduction of paw swelling and clinical scores ([Supplementary Fig 3](#SM0){ref-type="supplementary-material"}A-B), concomitantly with a drastic decrease of tissue IL-6 and Myeloperoxydase (MPO, [Supplementary Fig. 3](#SM0){ref-type="supplementary-material"} C-E). On the contrary, MSU-injected *Il-1α* KO mice exhibited only limited reduction in tissue IL-1β and MPO, with clinical symptoms of joint inflammation similar to wild types. Altogether, these data ascertained the s.c injection of MSU crystals in mice as an acute uratic inflammation model, highly dependent on massive IL-1β secretion, which appears to mimic human gout.

The PKD - NLRP3 axis is dispensable for acute uratic inflammation in mice
-------------------------------------------------------------------------

NLRP3 is described as a sensor of MSU crystals in macrophages [@B8] and considered a major player in the development of gout in various *in vivo* models [@B21], [@B22]. However, this dogma regarding the central role of NLRP3 in gout has been challenged [@B23], [@B24], although IL-1β remains a crucial cytokine in the development of the disease. In our model, *Nlrp3*-deficient mice exhibited similar joint swelling and clinical score compared with littermate controls (Fig. [1](#F1){ref-type="fig"} A, B), despite showing reduced fever 24 h after MSU challenge (Panel C). We therefore checked IL-1β expression in our model. Both pro and mature forms were similarly detected by Western blot in the paws of mutant and wild type mice during the acute phase (24h) after MSU injection (Fig. [1](#F1){ref-type="fig"}D). Accordingly, quantification of IL-1β by tissue ELISA (which detects both pro and mature forms) showed equivalent amounts in paws from MSU-stimulated *Nlrp3* mutants and controls 24h post MSU injection (Fig. [1](#F1){ref-type="fig"}E). Finally, myeloperoxidase quantification revealed similar neutrophil infiltration in the paws of *Nlrp3* ^-/-^ and wild type animals following MSU injection (Fig. [1](#F1){ref-type="fig"}F). Similar results were obtained following pharmacological (using CRT0066101) inhibition of Protein Kinase D (PKD), an essential component enabling NLRP3 inflammasome activation [@B25] ([Supplementary Fig. 4](#SM0){ref-type="supplementary-material"} A-E). To check the validity of the genetic and pharmacological inhibition of NLRP3, we performed several *in vitro* experiments. In line with published reports [@B8], [@B25], macrophages and neutrophils harvested from*Nlrp3* ^-/-^ mice or wild type cells treated with CRT0066101 failed to secrete IL-1β upon MSU or ATP stimulation following LPS priming ([Supplementary Fig 5](#SM0){ref-type="supplementary-material"} A, B), while TNF-α and IL-6 secretion remained unaffected ([Supplementary Fig. 5](#SM0){ref-type="supplementary-material"}C). We also noted that neutrophils, as opposed to macrophages, appeared unresponsive to a corpuscular trigger (e.g. MSU crystals) compared to a soluble one (such as ATP) for NLRP3-dependent IL-1β production, a feature that has been observed by others [@B26].

Furthermore, we performed intraperitoneal injection of MSU and observed that this inflammation model is also *Nlrp3*-independent ([Supplementary Fig. 6](#SM0){ref-type="supplementary-material"}), as assessed by similar number of infiltrating neutrophils and macrophages in the peritoneal cavity of wild type and mutant mice 6h upon MSU injection (panels B-D) and the comparable amount of IL-1β in the peritoneal fluid (panel E). Our data, while confirming that the NLRP3 inflammasome is mandatory in isolated cells (macrophages, neutrophils) to respond to MSU, also suggest that this inflammasome is dispensable for *in vivo* soft tissue inflammation following s.c injection of urate crystals.

Transcriptomic analysis following MSU-induced acute inflammation
----------------------------------------------------------------

To gain more insight into the early response (acute phase) in the paws following MSU s.c injection, we performed a genome-wide RNAseq analysis to compare MSU-injected paws to those receiving PBS as control at 24 hours post injection (hpi). As seen on the volcano plot ([Supplementary Fig. 7](#SM0){ref-type="supplementary-material"}A), a massive induction of gene transcription occurred following s.c MSU injection and the heatmap (panel B) of the significantly (p\<0.001) 405 differentially expressed genes shows convincing unsupervised clustering of the control (PBS) and MSU-injected samples. The heatmap of the top 100 genes (panel C) highlighted several features, among which the overexpression of *Il-1b* validated our data. Interestingly, *Tlr1* and *Tlr6* overexpression was also evidenced, pointing to a role for endogenous lipids as possible inducers of the signal I activating NF-κB signaling [@B24]. Such a signal is generally provided by LPS during experimental *in vitro* models of inflammasome activation by MSU crystals, but its physiological relevance is even more questionable in light of our data showing that *Tlr4* expression remained unaffected in MSU-challenged mice. Finally, *Ccl3* strong overexpression might also account for the high fever observed upon MSU crystals injection [@B27]. As expected, Gene Ontology (GO) terms analysis (panel D) revealed an enrichment in immune responses/inflammatory responses upon MSU injection. A comparison of 211 differentially expressed genes (showing a highly statistically significant difference between PBS- and MSU-injected paws p\<0.0001) using Ingenuity Pathways Analysis (IPA, Qiagen) and Reactome (<https://reactome.org/>) revealed a significant (p=2.53E-24) enrichment in genes required for granulocyte adhesion, diapedesis and degranulation (see IPA Network in Supplementary [Fig. S8](#SM0){ref-type="supplementary-material"}A). Finally, we used the ImmQuant tool [@B18] to extrapolate the immune cell composition from our RNAseq data. In line with enhanced MPO detection (Supplementary [Fig. S3](#SM0){ref-type="supplementary-material"} and Fig. [1](#F1){ref-type="fig"}) and overexpression of neutrophil chemoattractants (*Cxcl1* and *Cxcl2*), MSU s.c injection triggered granulocyte and monocyte recruitment (Supplementary [Fig. S9](#SM0){ref-type="supplementary-material"}, panels A and D).

MSU crystal-induced inflammation can develop autonomously from both NLRP3 and AIM2 inflammasomes
------------------------------------------------------------------------------------------------

Neutrophilic infiltration and subsequent NETosis, a feature of inflamed joint in gout patients [@B28], exposes self-DNA, which is suspected - once phagocytozed - to induce AIM2-dependent IL-1β secretion (reviewed in [@B29]). This prompted us to investigate the potential role of this alternative inflammasome in our model of acute experimental gout. Like*Nlrp3* mutants, mice lacking *Aim2* displayed inflammatory responses similar to those observed in controls following MSU crystal injection (Fig. [2](#F2){ref-type="fig"} A-C). Next, to explore a possible redundancy between the two inflammasomes, we produced *Nlrp3* ^-/-^; *Aim* 2 ^-/-^ mice. As seen in panels D-F, double mutant mice exhibited slightly reduced clinical responses (with differences in the area under the curve of the measure of the paw swelling reaching statistical significance between wild type and double KO mice) upon MSU crystal s.c injection. However, quantification of IL-1β and myeloperoxidase (MPO) by tissue ELISA 24h upon MSU challenge, as well as seric IL-1β dosage (12 and 24 h after MSU injection, Fig [2](#F2){ref-type="fig"}. G-H), confirmed that MSU-dependent rise in these biological inflammatory markers can occur independently from these two inflammasomes. Similar observations could be made from the analysis of *Caspase 1/11*-deleted mice (*Casp 1^-/-^, 11 ^-/-^)* in which MSU injection induced a weak reduction of the inflammatory symptoms, albeit without showing any effect on IL-1β production (Supplementary [Fig. S10](#SM0){ref-type="supplementary-material"}).

Since *Nlrp3*-deleted macrophages can efficiently (and even more than controls) respond to transfected poly-dA:dT, a classical inducer of the AIM2 inflammasome (Fig. [3](#F3){ref-type="fig"}A), we tested the existence of a possible collaboration between neutrophils, in which MSU crystals poorly induce IL-1β secretion ([Supplementary Fig. 5](#SM0){ref-type="supplementary-material"}) but efficiently trigger DNA release through NETosis [@B28], and macrophages, major producers of IL-1β once triggered by AIM2-dependent signals (such as poly-dA:dT). For this, we performed co-cultures of both cell types isolated from wild type or *Nlrp3* ^-/-^; *Aim2* ^-/-^ double knock-out (dKO) animals and quantified IL-1β in the supernatant. As seen in Fig. [3](#F3){ref-type="fig"}B, IL-1β release by control macrophages did not significantly differed whether they are cultured with neutrophils with or without MSU. This indicates that NETosis triggered by MSU ([@B11], [@B28] and our own observation) did not affect IL-1β release, thus suggesting that DNA exposure is not essential in this process and cannot provide the necessary signal I driving *Il-1β* transcription.

Imiquimod downmodulates*Il-1β* gene expression and protects from experimental acute uratic inflammation
-------------------------------------------------------------------------------------------------------

We previously reported the therapeutic effects of topical imiquimod, a known TLR7-dependent inducer of type I IFN responses in mouse models of rheumatoid arthritis [@B13] and its effect on neutrophil recruitment. Therefore, we questioned the potential benefits of this treatment in our present gout model, which is characterized by a transcriptomic signature revealing MSU-induced genes involved in granulocyte diapedesis and activation. Except for body temperature, topical application of imiquimod caused a marked reduction of the clinical parameters (paw swelling, redness, Fig. [4](#F4){ref-type="fig"} A-E) associated with s.c injection of MSU. Tissue ELISA revealed that imiquimod specifically reduced IL-1β and IL-6 secretion in the treated paws (Panels F-G), whereas neutrophil infiltration (visualized by MPO quantification, Panel H) and TNF-α production (panel I) remained unaffected. RTqPCR and western blot analysis further documented the negative effect of imiquimod on the transcription of the *Il-1β* and *Il-6* genes (Panels J-K) and IL-1β pro-form expression (Panel L). Finally, we used a state-of-the-art imaging approach (MRI, Fig. [5](#F5){ref-type="fig"}) similar to that which is currently applied to monitor patients suffering various arthritides, including gout, to quantify the beneficial effects of imiquimod. This enabled us to better demonstrate the significant reduction of oedema formation and crystal deposit in imiquimod-treated paws. MRI also enabled us to visualize the reduction of tenosynovitis in imiquimod-treated animals (Supplementary [Fig. S11](#SM0){ref-type="supplementary-material"}).

Altogether, our data support the notion that the protective effect of Imiquimod-dependent TLR7 activation involves negative transcriptional control of genes encoding major pro-inflammatory cytokines, such as IL-1β and IL-6. To better describe, at the molecular level, the pathways that are modulated by imiquimod, we performed genome-wide transcriptomic on MSU-inflamed paws treated or not with imiquimod at 24 hpi. As a control, non-inflamed (PBS-injected) paws were also treated by topical application of imiquimod. In agreement with the reported role of imiquimod on its cognate receptor (TLR7), we identified a transcriptomic signature characterized by an overexpression of Interferon-stimulated genes (ISGs, such as *Oas1* and *2*, *Mx1*, *Isg15*; see Supplementary [Fig. S12](#SM0){ref-type="supplementary-material"}) in control mice (PBS-injected, imiquimod-treated). By contrast the combination MSU injection plus imiquimod induced an important down modulation of gene transcription (Supplementary [Fig. S13](#SM0){ref-type="supplementary-material"}A). Among the genes exhibiting highly significant transcriptional repression, *Il-1β*, as well as inflammasome components (e.g *Nlrp3*) appeared of particular importance (Supplementary [Fig. S13](#SM0){ref-type="supplementary-material"}C) and confirmed our RT-qPCR data (Fig. [4](#F4){ref-type="fig"}, panels F, J and L). Furthermore, reduction of *Cxcl2* expression is likely an important event contributing to the diminution of the neutrophilic infiltrate seen by ImmQuant analysis (Supplementary [Fig. S9](#SM0){ref-type="supplementary-material"}). Interestingly, an increased skin dendritic cell signature also seemed to take part in the anti-inflammatory effect of Imiquimod in the MSU/imiquimod combination, although this intriguing observation requires additional confirmation. Finally, MSU *vs* MSU/imiquimod comparative RNAseq analysis by IPA identified interconnected type I IFN-dependent genes.

Interestingly, most genes involved in granulocyte adhesion and diapedesis, which were upregulated upon MSU stimulation, exhibited down-modulation in the samples from imiquimod-treated paws (see Supplementary [Fig. S8](#SM0){ref-type="supplementary-material"}B). Of note, these genes are connected in a network (predicted by IPA) in which SYK/AKT fill a central position (Supplementary [Fig. S14](#SM0){ref-type="supplementary-material"}). Although IL-1β repression by type I IFN has been previously described [@B30] and attributed to signaling through the IL-10 / STAT3 pathway [@B31], our dataset does not clearly point to such connection. Rather, reduced *Tlr6* expression and downstream NF-κB signaling is supported by the genes network built by IPA to account for diminished *Il-1b* expression. Altogether, our data suggest that the therapeutic properties of imiquimod in our experimental setting are mediated by the ability of this compound to impair two major hallmarks of inflammation: neutrophil recruitment and/or activation and IL-1β production.

Because our data point to a possible involvement or TLR-dependent signaling (possibly TLR1, 2 and 6) in our model of experimental acute gout, we tested the impact of MSU injection in *MyD88-* and *Il-1R1*-deficient animals. We observed an almost complete absence of inflammatory reactions (as judged by paw swelling and clinical score) in both *MyD88* and *Il-1R1* KO mice (Fig. [6](#F6){ref-type="fig"}A-B). However, we noticed that *Il-1R1* KO animals exhibited a significant residual expression of inflammatory markers (IL-1β, IL-6 and MPO), which were nearly undetectable in *MyD88*-depleted mice (Panels C-E). Because MYD88 is an adapter used downstream of both IL-1R1- and TLR-dependent signaling pathways [@B32], this observation strongly suggest that TLRs are indeed essential sensors driving NF-κB-dependent *Il-1β* transcription in response to MSU injection *in vivo*.

Discussion
==========

Inflammasomes triggered by MSU crystals and the nature of the priming inducer (signal I) *in vivo*
--------------------------------------------------------------------------------------------------

Gout is a frequent arthropathy with its etiology, i.e. MSU crystal deposition in the synovial fluid of patients, known for a long time [@B33]. However, despite the discovery of NLRP3 as a Pattern Recognition Receptor sensing homeostatic disturbances and subsequent IL-1β secretion, the molecular mechanisms driving inflammatory manifestations upon MSU exposure are still poorly described. Several animal models have been developed to better understand the relationships between MSU crystals and IL-1β secretion, among which *ex vivo* cultures of macrophages were instrumental in the identification of the NLRP3 inflammasome. In addition, *in vivo* injections of crystals in the peritoneal cavity [@B8], into an artificial air pouch [@B34], [@B35] or directly inside the joint [@B36] have also been used to investigate neutrophil recruitment and inflammasome-dependent cytokine release. Most of these models exhibit important flaws and do not reproduce the complete pathophysiological manifestations of human gout or the joint microenvironment. For instance, inflammation triggered by intra-articular injection of MSU crystals in mice can be prevented by anti-TNFα therapy [@B37], which is inefficacious in humans. Here, we thoroughly characterized the impact of subcutaneous injection of MSU crystals in mouse paws, an approach (previously used by others [@B11], [@B19] that induces clinical manifestations (soft tissue inflammation with tenosynovitis, as seen with relevant medical imaging techniques) that can be preventable with drugs (colchicine, anakinra) currently in use to treat gout patients. Using this model in control and genetically-deficient mice, we demonstrated that, as opposed to previous observations in isolated macrophages, MSU-induced inflammation *in vivo* can occur independently from NLRP3, while being strictly IL-1β-dependent, suggesting that MSU- and silica-induced inflammation may proceed by different mechanisms [@B38]. Therefore, we questioned whether other inflammasomes might also be involved in this process and possibly mask the NLRP3 effect. One current hypothesis postulates that neutrophils, following DNA release through NETosis (a process that can be activated by MSU crystals [@B28]), could provide a physiologically-relevant signal driving IL-1β secretion and inflammation. In this work, we tested the involvement of the AIM2 inflammasome and showed that mutant mice devoid of this DNA sensor, as well as animals in which both NLRP3 and AIM2 are lacking, develop almost normal local and systemic inflammatory responses following MSU crystals injection. Similar observations were made in *Casp 1^-/-^; 11^-/-^* animals. These experiments reveal the complexity of the MSU-induced inflammation and IL-1β secretion, which, in the absence of NLRP3 and AIM2, might likely be maturated by neutrophil-derived proteases such as neutrophile elastase [@B39] or also by Caspase 8 [@B40]. Because of this possible redundancy, our results do not discard the potential involvement of NLRP3 and/or AIM2 in MSU-induced acute inflammation. Alternatively, differences between human and mouse might also account for our observation of pro IL-1b processing in the absence of NLRP3. Furthermore, we also addressed the question of the nature of signal I, which is necessary to activate the NF-κB pathway and induce *Il-1β* transcription. Using co-cultures of neutrophils and macrophages, we showed that NETotic neutrophils cannot drive the secretion of IL-1β by MSU-stimulated macrophages, indicating that extracellular DNA is not capable to substitute for LPS in this process. Therefore, even though we were unable to identify a "physiologically"-relevant primer, our RNAseq analysis, which revealed *Tlr1*, *2* and *6* overexpression upon MSU challenge, combined to experiments comparing *MyD88* and *Il-1R1* KO mice provide solid arguments supporting a role for endogenous lipids or lipopeptides (capable of triggering TLR1/2/6 signaling) as pathophysiological inducers of signal I-dependent NF-κB activation. Future work will aim at identifying such ligands.

Signaling pathways supporting anti-inflammatory effects of type I IFNs
----------------------------------------------------------------------

The anti-inflammatory effects of type I interferons are a matter of controversy, but can be supported by at least two lines of evidence: (i) sustained type I IFN production in chronic viral infections induces immunosuppression [@B41], as demonstrated in the LCMV model [@B42], [@B43]. (ii) IFNβ is an effective treatment against inflammation of the central nervous system in multiple sclerosis [@B44]. However, precise mechanisms underlying these immunomodulatory effects are still poorly understood. Using an alum-induced peritonitis model, the induction of the IL-10/STAT3 axis in response to type I IFN and LPS signaling was proposed as a predominant event to explain subsequent immunosuppression [@B31]. In our dataset of imiquimod-modulated genes, several STAT3 targets (e.g. *Ccl2, Cxcr2, Socs3*) appeared significantly repressed, which indicates that this mechanism can be at play in response to imiquimod application. However, it is important to consider that our RNAseq approach does not enable the identification of protein modifications that could reveal the potential roles of transcription factors. A combined proteomic approach would help and probably refine the likely IL-10-dependent signaling and its contribution to imiquimod-based therapy. Furthermore, the timing (24 hpi) at which gene expression was quantified may also explain why transcripts encoding anti-inflammatory players, like IL-10, were not identified.

Imiquimod, a powerful and promising alternative in gout patients
----------------------------------------------------------------

Our work clearly demonstrates the potential benefits to use imiquimod to treat gout crisis. Indeed, for several patients exhibiting additional comorbidities, such as kidney dysfunction, the prescription of colchicine might be unadvisable and imiquimod might become an attractive alternative devoid of major side effects. As demonstrated, a single topical application was sufficient to reduce both neutrophils attraction and IL-1β secretion, thereby limiting the biological and clinical inflammatory symptoms that appear following MSU crystals injection. This dual activity of imiquimod appears even more attractive in view of the recent description of an inflammatory disorder (NOMID, neonatal-onset multisystem inflammatory disease) caused by GASDERMIN D (GSDMD) release and pyroptosis following inflammasome activation [@B45]. Indeed, some patients suffering cryopyrin-associated periodic syndromes (CAPS) such as NOMID appear resistant to IL-1β blocking agents. A clinical trial will of course be necessary to evaluate the efficacy of imiquimod in humans. In addition, our work pointed to the multiplicity of actors (sensors, proteases) that are likely involved in the development of gout, which may advocate against the pharmacological targeting of only one of them, i.e the NLRP3 sensor. Finally, even though our genome-wide transcriptional analysis did not precisely identify the exact molecular pathways linking imiquimod, type I interferons and reduced *Il-1*β expression, an essential genetic network that appeared targeted by imiquimod (and predicted by IPA) brings together many genes encoding granulocyte cell surface markers (such as integrins), connected to a hub composed of the kinases SYK and PI3K. Their activation by MSU crystals binding to the plasma membrane [@B46] thus appears as an important contributor to neutrophil recruitment and activation, which could be impaired by already existing inhibitors developed for other pathologies, such as leukemia. Furthermore, RNAseq analysis using the ImmQuant software predicts that skin dendritic cells might be important mediators of the imiquimod-dependent anti-inflammatory response. The functional connection linking these cells and reduced neutrophil infiltrate will be a major research focus of ours.

In conclusion, our *in vivo* model in mice uncovers an unsuspected complexity of the pathogenesis of gout triggered by urate crystals, as illustrated by its independence from the NLRP3 inflammasome. In addition, novel insights emerge from RNAseq analyses, such as the possible role of TLR1, 2 and/or 6 as sensors priming the NK-κB pathway. This observation paves the way for the search of lipids or lipoproteins which can be of endogenous or microbial [@B47] origin. Novel therapeutic options, such as topical treatment or sensory nerves modulation [@B48], will be necessary in order to take care of an ever-growing number of gout patients in ageing populations. Our transcriptomic analyses revealing novel potential targets are in line with this search for innovative treatments.
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![**The NLRP3 inflammasome is not required for IL-1β maturation and consecutive inflammation in the subcutaneous acute uratic inflammation model. A-F.** *Nlrp3^+/+^* and *Nlrp3^-/-^* mice were submitted to an acute uratic inflammation experiment. **A.** Paw swelling, **B.** Clinical scores and **C.** Body temperature were recorded over a 7-days-long period (n = 11 to 13 in each group). **D-F.***In situ* (paws) analysis of IL-1β production/maturation and MPO quantification. **D.** 24 hours post-injection, paws were harvested and a western blot analysis was realized on 75µg of paw extracts to visualize pro-IL-1β (31kDa) and its cleaved, mature form (17kDa); Tubulin was used a loading control (n = 4 *Nlrp3^+/+^* and n=8 *Nlrp3^-/-^).* **E.** IL-1β and **F.** myeloperoxidase (MPO) were quantified by ELISA in paw extracts obtained at the early phase (8h post-injection, n = 5 to 6) and the peak (24hpi, n = 8 to 10). All data are representative of three independent experiments except for clinical observation (five independent experiments). Symbols represent individual mice, horizontal lines and bars correspond to mean +/- SEM; Results were analyzed with a two-tailed Mann-Whitney test, \* = p\<0.05, \*\* = p \< 0.01, \*\*\* = p \< 0.001, ns = not significant.](thnov10p2158g001){#F1}

![***Aim2* or *Aim2/Nlrp3* combined deficiencies do not impact on acute uratic inflammation development and severity. A-C.** Acute uratic inflammation was induced in *Aim2^+/+^* and *Aim2^-/-^* animals (n = 3 to 6). **A.** Paw swelling, **B.** Clinical scores and **C.** Body temperature. **D-E.** *Aim2^-/-^* ; *Nlrp3 ^-/-^* (double knock out) mice (n = 8) and *Aim2^+/+^* ; *Nlrp3^+/+^* (n = 10) were subjected to an acute uratic inflammation experiment. **D.** Paw swelling and **E.** Clinical scores and **F.** body temperature measures, all recorded over a 24h period. **G.** IL-1β and MPO quantified by ELISA in paws extracts collected at 24hpi, n = 5 in each group**. H.** IL-1β and MPO quantified by ELISA in serum collected 12hpi (left) and 24hpi (right) (n = 3 to 5). Symbols represent individual mice; green dots correspond to WT mice (littermate controls), purple dots to *Aim2^-/-^* mice and yellow dots to *Aim2^-/-^* ; *Nlrp3^-/-^* mice; light colored dots represent PBS paws and bright colored dots the MSU-injected paws. Horizontal lines and bars correspond to mean +/- SEM; Results were analyzed with a two-tailed Mann-Whitney test, \* = p\<0.05, \*\* = p \< 0.01, \*\*\* = p \< 0.01, ns = not significant. In graphs D. and E. the area under curve (AUC) was determined and analyzed by a Mann-Whitney test.](thnov10p2158g002){#F2}

![**Activated (netotic) neutrophils fail to promote IL-1β secretion by macrophages. A.** *Nlrp3^+/+^* and *Nlrp3^-/-^* peritoneal macrophages were seeded at 5x105 cells/well and stimulated with LPS only with LPS and MSU, LPS and lipofectamin (VEC), LPS and poly dA:dT (0,5µg/mL) or LPS and lipofectamin complexed with poly dA:dT (0,5µg/mL). Green dots represent *Nlrp3^+/+^* macrophages, red dots *Nlrp3^-/-^* cells. **B.** WT (*C57Bl/6* or*B6*) or *Aim2^-/-^* ; *Nlrp3^-/-^* (double knock out: dKO) peritoneal macrophages (M) were plated at 5x10^5^ cells/well together with 1x10^6^ neutrophils (N) of both genotype making combinations (M B6 : N B6, dark green; M dKO : N B6, light green; M B6 : N dKO, yellow; M dKO : N dKO, red). Cells were left untreated (NS) or treated with LPS only (1µg/mL for 27h), MSU crystals only (250µg/mL) for 24h or both (LPS alone for 3 hours and then MSU for 24h). Cells were isolated from n=4 mice. Horizontal lines and bars correspond to mean +/- SEM; Results were analyzed with a two-tailed Mann-Whitney test, \* = p\<0.05, ns = not significant.](thnov10p2158g003){#F3}

![**Topical application of an imiquimod-containing cream (ALDARA) alleviates acute uratic inflammation by down-modulating *Il-1b* and *Il-6* expression. A-E.** C57BL/6J mice were submitted to an acute uratic inflammation experiment and immediately treated with either topical imiquimod (ALDARA® commercial cream) or a control cream. Gouty crisis was followed for 24 hours (n =8 mice per group, data are representative of 3 independent experiments). **A.** Paw swelling, **B.** Clinical scores, **C.** Body temperature, **D.** representative pictures of the paws (16hpi) and **E.** volumetric representation of 2 pairs of control cream-treated paws (upper panel), imiquimod-treated paws (lower panel) obtained after Magnetic Resonance Imaging (MRI) and image reconstruction with 3D viewer. **F.-I.** Paws were collected at 24hpi and protein extracts were analyzed by ELISA for IL-1β **(F.)**, IL-6 **(G.)**, MPO **(H.)** and TNFα **(I.)**. **J.-K.** Similar to **F.-I.**, paws were collected at 24hpi and analyzed by RT-qPCR analysis for *Il-1β* **(J.)** and *Il-6* expression **(K.)**. **L.** Proform and mature IL-1β production was assessed by western blot of paw extracts. Vinculin was used as loading control. Green dots represent control cream-treated mice, grey dots the topical imiquimod-treated animals; light colors correspond to PBS paws, dark colors to MSU paws. Symbols represent individual mice, horizontal lines and bars correspond to mean +/- SEM; Results were analyzed with a two-tailed Mann-Whitney test, \* = p\<0.05; \*\* = p \< 0.01; \*\*\* = p \< 0.001, ns = not significant. In graphs A and B, the area under the curve (AUC) was calculated and analyzed with a Mann-Whitney test.](thnov10p2158g004){#F4}

![**MRI reveals major dampening of MSU crystal-induced oedema formation upon topical imiquimod therapy. A-C.** Acute uratic inflammation was induced and topical imiquimod or control cream were immediately applied on the paws of mice (n=4 per group). 24hpi, animals were euthanized and subjected to Magnetic Resonance Imaging (MRI). After acquisition of MRI sequences (T2, fat suppression), pictures were computed and reconstructions were made by 1) automated segmentation and 2) reconstruction of hyper-signal volumes (oedemas), hypo-signals volumes (MSU crystal-associated volume) and bones with the help of the 3D Slicer software. **A.** 3D reconstructions of 4 pairs of paws (control cream-treated, left; imiquimod-treated, right). **B.** Quantification of the hyper-signal volume. **C.** Quantification of the crystal-assimilable hypo-signal volumes. Green dots represent control cream-treated mice, grey dots miquimod-treated animals, light colors correspond to PBS paws, dark colors to MSU-injected paws. Symbols represent individual mice, horizontal lines and bars correspond to mean +/- SEM; Results were analyzed with a two-tailed Mann-Whitney test, \* = p\<0.05, ns = not significant.](thnov10p2158g005){#F5}

![**Increased resistance to MSU-induced inflammation in *Myd88* KO mice compared to *Il-1R1* KO animals**. *C57Bl/6* (n=6, green dots), *Myd88* KO (n=6, yellow dots) and *Il-1R1* KO (n=8, blue dots) mice were submitted to an acute uratic inflammation experiment and clinical observations were recorded over a 24h period. **A.** Paw thickness, **B.** Clinical score. **C.** IL-1β, **D.** IL-6 and **F.** myeloperoxidase (MPO) were quantified by ELISA in protein extracts obtained from control paws 24h post PBS injection or from the contralateral paw in which MSU was injected. Light colors correspond to PBS paws, dark colors to MSU-injected paws. Symbols represent individual mice, horizontal lines and bars correspond to mean +/- SEM; Results were analyzed with a two-tailed Mann-Whitney test, \* = p\<0.05; \*\* = p \< 0.01; \*\*\* = p \< 0.001. In graphs A. and B. the area under curve (AUC) was determined and analyzed by a Mann-Whitney test.](thnov10p2158g006){#F6}
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